Background: RNA modification enzymes select specific RNAs as substrates. 
hydroxymethyltransferase.
In AdoMet-dependent tRNA (m 5 U54) methyltransferases are present in eubacteria, some archaea and eukaryotes (4, 5, 16) .
Escherichia coli AdoMet-dependent tRNA (m 5 U54) methyltransferase (classical name, RNA uridine methyltransferase; RUMT) is one of the best-studied tRNA modification enzymes.
The enzymatic activity was initially detected in crude E. coli cell extract, after which several purification procedures were developed (17) (18) (19) . The gene encoded the enzyme was identified as trmA (20) . An over-expression system for TrmA in E. coli was developed and the purification procedures devised (21) . The studies on Recently, it has been reported that some archaea have a TrmA-type enzyme (4, 5 subtilis TrmFO were reported (48).
Furthermore, it has also been reported that B.
subtilis TrmFO forms a covalent bond complex with tRNA (48, 49). In the current study, we focused on the tRNA recognition mechanisms of T. thermophilus TrmFO.
EXPERIMENTAL PROCEDURES
GBq/mmol) was purchased from Morabek. 
RESULTS

Improvement of in vitro TrmFO assay
system ------ Figure 1 shows the U54 modification in T. thermophilus tRNA Phe .
TrmFO catalyzes the methyl-transfer reaction.
In our previous study (47), we reported an in vitro assay system for TrmFO activity.
Briefly, the system is composed of two enzymatic reactions. 14 C-glycine in the reaction mixture ( Fig. 2A) .
After the 10-min period, sufficient 14 C-serine remained in the reaction mixture. In contrast, after the 20-min period, half of the 14 C-serine was consumed and the same amount of 14 C-glycine was produced.
According to the progress of the TrmFO Fortunately, the RNA sequence of T.
thermophilus tRNA Pro has been reported (55):
U32, which corresponds to U54, is known to be unmodified (Fig. 7A) . That is to say, this natural modification pattern suggests that
TrmFO can distinguish the T-arm from the anticodon-arm in T. thermophilus tRNA Pro .
Initially, we assumed that the three-dimensional core structure in tRNA Pro prevents the incorrect methylation of U32.
Thus, we considered steric hindrance by the three-dimensional core. To investigate this idea, we prepared eight tRNA Pro variants (Fig.   7B ).
As shown in Fig. 7C , precursor tRNA Pro transcript was clearly methylated.
When U54 in the precursor was replaced by C, the methyl group acceptance activity was completely lost (Fig. 7C lane 2) , showing that the methylation site is only U54. When the T-arm was deleted or both D-and T-arms were deleted, U32 was not methylated (Fig.   7C lanes 3 and 4) . Furthermore, when both G18-U55 and G19-C56 tertiary base-pairs were disrupted, only U54 was methylated (Fig. 7C lanes 5 and 6) Fig. 8A-D) . To confirm whether the methylation site was U32, we additionally prepared four variants, in which U32 was substituted by C ( Fig. 8E-H) . As shown in Figure 8A -D, all tRNA Pro U54C variants were methylated although their methyl group acceptance activities were considerably weaker than that of the wild-type tRNA Pro , which has the normal methylation site U54.
When U32 in these tRNA Pro U54C variants was substituted by C, the methyl group acceptance activity was completely lost (Fig.   8E-H) . Thus, the methylation site is U32.
These results demonstrated that the A38 in However, there is no tRNA that has both U32
and A36 (1-3) . Thus, natural tRNA sequences are such that they avoid incorrect U32 methylation.
Effects of other tRNA modifications on
TrmFO methylation -----In our previous publications, we reported the existence of a network formed between modified nucleotides and modification enzymes in T.
thermophilus tRNA modification (51, 52) .
Briefly, the existence of the m 7 G46
modification enhances the velocities of 
The docking model of TrmFO and T-arm
------In our previous site-directed mutagenesis study, we found that the Arg97, (Fig. 11C ).
However, we could not construct a docking model, in which the G53-C61 base-pair makes direct contact with the enzyme, due to steric hindrance. The second important difference between G-C and G-U base-pairs is the location of pyrimidine base in the stem structure (Fig. 11C) . This difference influences the ribose-phosphate backbone structure. The ribose and phosphate of C61 could be placed on the enzyme surface in the docking model (Fig. 11B) . Therefore, the G53-C61 base-pair recognition by TrmFO may be not mediated by the direct recognition of bases but by ribose-phosphate backbone recognition. As described above, positive determinants in the T-arm probably function in the structural change process.
To clarify the precise mechanism of G53-C61 recognition, further study will be required. The MnmE-MnmG complex changes the pathway by supply of substrates (ammonium ion and glycine) and is regulated by GTP (61).
DISCUSSION
Therefore, the construction of an in vitro
MnmE-MnmG complex assay system is likely to be more difficult than for TrmFO.
Our current kinetic study showed that NADPH is superior to NADH as an electron donor for TrmFO (Fig. 2) . In contrast, it has been reported that MnmG (GidA) uses only In previous works, we reported the existence of a network between modified nucleotides and modification enzymes in T.
thermophilus tRNA modification (51, 52 ).
In the current study, we confirmed that the The methyl-transfer assay was performed and RNA was recovered by phenol/chloroform treatment and ethanol precipitation. The RNAs were separated by 10% PAGE (7 M urea) and then stained with methylene blue (MB) (Left). 14 C-methyl group incorporation was monitored by autoradiography (Right). The kinetic parameters are given in Table 1 . Thus, A38 prevents incorrect U32 methylation by TrmFO, demonstrating that A38 works as a negative determinant for TrmFO. (C) To reinforce the hypothetical mechanism, we prepared three tRNA Pro variants. Variant 1 has three point mutations: G36, A38 and U54 were replaced by A, U and C, respectively. Variant 2 has three mutations: the T-arm was deleted and G36 and A38 were replaced by A and U, respectively. Variant 3 has four mutations: both the D-and T-arm were deleted and G36 and A38 were replaced by A and U, respectively. The methyl group acceptance activities of these variants were tested by the gel assay (Right side panels).
The gel was stained with methylene blue (MB) and subject to autoradiogram. "WT" means the positive control, in which the wild-type tRNA Pro transcript was used as the substrate. 
